We investigated the mechanism for the removal of fine particles from a solid wall using a high-speed impinging air jet. In general, it is difficult to remove fine particles of the order of micrometers by the impingement of simple air flow because they strongly adhere to the surface by van der Waals forces and remain immersed in the viscous sublayer. To overcome this, we developed high-speed air jet nozzles with triangular cavities that add strong velocity and pressure fluctuations to the high-speed air flow. The experimental results showed that the cavity nozzle enhances the removal performance for particles larger than 1 μm. The effect of the pressure fluctuation induced in the jet flow on the removal performance is discussed from the experimental results. First, the adhesive force was measured experimentally from the centrifugal force acting on particles with 5-25 μm diameters set on a rotating disk. Based on a simple theoretical consideration regarding the balance of moments acting on a particle, we estimated the effects of hydrodynamic removal forces such as drag, lift, and pressure gradient fluctuation against measured adhesive forces. The theoretical estimation showed that drag plays a major role, and the force of the pressure gradient could be effective for the removal of large particles. The proposed model is able to explain the experimental results indicating that the removal rates for 3-μm-sized particles are improved by the air flow velocity fluctuations generated by the cavity nozzle.
Introduction
Displays based on liquid crystal display (LCD) technology are becoming increasingly widespread for home use in televisions and similar entertainment devices. The most important issue in this industry concerns increasing the yielding percentage of the mother glass in order to remain competitive. Therefore, the industry is interested in improving the technology whereby fine particles are removed from the glass surface during the manufacturing process. Since the process of wet cleaning carries environmental costs because of the large amount of chemicals used, a dry cleaning process has recently attracted attention. A device applying an impinging jet of air could potentially clean a large glass surface and minimize the use of complicated technology (Gotoh, et al., 1994 and Namiki, et al., 1998) and hazardous chemicals. However, it is difficult to remove fine particles using simple high-speed airflow for particles less A study on the removal of infinitesimal particles on a wall by high-speed air jet -Measurements of adhesive force and particle removal rate-than 10 μm because they are submerged in a viscous sublayer and adhere to the wall by strong forces such as the van der Waals force. To appropriately apply the dry cleaning method, it is necessary to clarify the mechanism of removal by air jet flow (Young, et al., 2013) . Schlosser et al. (2009) calculated the minimum particle diameter that can be removed by a high-speed air jet based upon an estimation of the van der Waals adhesive force and various hydrodynamic removal forces. Other researchers have attempted to describe the removal mechanism from the moment balance on the particle (Burdick, et al., 2005 , Ibrahim, et al., 2003 , Ibrahim, et al., 2008 , and Ziskind, et al., 1997 . However, the details are still unclear, especially for the effect of fluctuations added to the fluid flow.
The authors have proposed a new type of dry cleaning system to remove micron-order sized particles from the work surface. The system was originally composed of a nozzle with internal cavities designed to add fluctuations with a frequency of over 5 kHz to the ejected air jet. In the preceding report, the jet velocity, velocity fluctuation, pressure fluctuation, and the removal rate of fine particles were measured experimentally to evaluate the system performance. The experimental results showed that the removal rate was improved by adding turbulence to the jet flow (Soemoto, et al., 2013) . However, the details of the effect of turbulent fluctuation were not considered. Although some authors have proposed theoretical models based on measured particle removal rates, there have been very few reports that discuss the removal mechanism from simultaneous measurements of the adhesive force and removal rate.
In this report, the target is to clarify the removal mechanism of fine particles by the proposed cleaning system. First, the adhesive forces of fine particles are experimentally measured by the centrifugal force method. In addition, the removal rates are measured in the proposed cleaner system to estimate various types of hydrodynamic removal forces such as drag and lift. Here, in this study, we also consider the influence of instantaneous local pressure gradients created from the turbulence of the impinging jet. Based on the experimental results and the characteristics of impinging jet flow, the three types of hydrodynamic forces stated above are estimated and compared with the adhesive force to clarify the physical mechanism of particle removal. Especially, we focus on the effect of the pressure fluctuations generated by the cavity nozzle, which can improve the removal performance for particles larger than a few micrometers. Figure 1 shows a schematic of the cleaning system used in this experiment (Soemoto, et al., 2013) . The cleaner head ① has a rectangular parallelepiped shape with a uniform section, and it is composed of an air storage chamber ③ and two suction chambers ⑦. Air is supplied and suctioned by a vortex blower (Hitachi Industrial Equipment Systems, VB-060-E2) through an inlet ② and outlet ⑧ mounted on the side face. The air supplied to the air storage chamber is ejected from an exchangeable nozzle ④. The air jet ejected from the nozzle impinges on a test surface ⑤ shown in the figure. The clearance between the nozzle exit and test surface was set at 1.5 mm, just the same as that in the working system. The impinging jet removes particles that are subsequently sucked into the suction chambers ⑦ 30 Fig. 1 Schematic of the experimental cleaning system using high speed impinging air jet to which high frequent pressure fluctuation is added by the cavity nozzle mm away from the jet flow center. During the experiment, we monitored the gauge pressure P in the air storage chamber using the manometer ⑨ (Copal Electronics Co Ltd., PG-100-102RP), and we controlled the pressure using the inverter equipped with the blower. The pressure P was considered at three separate values in this experiment: 8, 11, and 14 kPa. Figure 2 shows schematics of the two types of the nozzles given by ④ in Fig. 1 that are evaluated in the experiments. The C (Cavity) type nozzle (hereafter referred to as the C nozzle) was constructed with two cavities of triangular geometry (3.0 mm width and 3.0 mm depth) placed in sequence before a linear exit section of 1.5 mm length, as shown in the figure. Conversely, the S (Straight) type nozzle (hereafter referred to as the S nozzle) was included to compare the removal performance with that of the C nozzle and was composed of a linear flow section of 2.0 mm width and 3.5 mm depth. Figure 2 shows that both nozzles have a slit of 0.2 mm width and 1.5 mm depth at the exit. In this study, a slit of 0.2 mm width, which is smaller than the 0.4 mm width used in the preceding study, was used to reduce the flow rate. The triangular cavities installed in the C nozzle were designed to add high-frequency fluctuations to the flow. These fluctuations were generated by a feedback mechanism caused by vortexes interacting with the separated shear layer at the edge of the cavity (Soemoto, et al., 2013) . Please refer to the preceding report for further details of the cleaning system.
Experimental method 2.1 Cleaning device

Measurement of the velocity fluctuation
The origin of the coordinate system used in this study is taken as the center of the nozzle outlet. The x and y coordinates are taken in the horizontal direction (across the glass surface) and in the perpendicular direction (away from the glass surface), respectively. To measure the y-directional velocity, an I-type hot-wire anemometer (Nihon Kanomax, Model 1010, with a frequency response of 100 kHz) was used in a manner similar to that used in the preceding report. A hot-wire probe (Nihon Kanomax, 0251R) was placed 1.5 mm below the discharge slit, after removing the test plate to provide sufficient space to insert the probe. The distributions of the average velocity V and the fluctuation v' in the x direction were measured to examine the flow field generated by the nozzle just before the jet impinges on the wall. Figure 3 shows the experimental setup used for measuring the adhesive force of fine particles adhered to the test surface. The experimental apparatus was placed in a class 100 clean room in which the relative humidity and temperature were maintained at 20% and at 20 °C, respectively. Since the particles on the wall are removed tangentially in the actual cleaning system, we measured the adhesive force from the centrifugal force applied by the rotating system shown in the figure. The test plate (Geomatic Co. Ltd., 30 × 30 × 1 mm chrome-coated glass plate) was set on the sample holder ② at a point R P = 100 mm away from the center of the rotating disk ① in a rectangular cavity (40 × 40 × 3 mm). To counterbalance the rotating disk, another test plate was simultaneously set at a symmetrical position relative to the disk center. Notably, the test plate was prepared in the same manner as would be the mother glass to measure the adhesive force under the same conditions as would be used in the practical device. When the disk is rotated, a cover disk ③, having the same diameter as the rotating disk, is installed to remove the influence of surrounding air flow. The system is driven by a motor ④ and the rotation speed controlled by an inverter ⑤. The amplitude of vibration during rotation was less than 0.01 mm at the outer edge of the disk. To avoid the influence of inertia on particle removal, the motor was gently accelerated to the prescribed speed, maintained for 30 s, and then gradually decelerated to a stop. The acceleration was less than 1% of the centrifugal acceleration (≡R P ω 2 , where ω is the angular velocity) in this experiment. After rotation, the test plate was detached and the removal rates of particles were measured in the manner stated in the next section. To examine any possible influence of the inertial effect, the removal rates were measured relative to the various accelerations used to reach the same prescribed velocity. These measures ensured that the results were not affected by the acceleration within the conditions of the experiment.
Experimental method to measure the adhesive force of fine particles
Measurement method for the particle removal rate
In the rotating system shown in Fig. 3 , spherical particles of silica (Sekisui Chemical Co. Ltd., micro pearl SP) with 5, 6.5, 10, 14, 20, and 25 μm diameters were used as the test particles. Prior to attaching the test plate to the rotating disk, the surface was cleaned by an air jet cleaner (Shinko Co. Ltd. VUV-F type), and it was observed under a microscope (Keyence Co. Ltd., VH-2100) to ensure that dust or foreign particles had been removed properly. Then, the test particles were dispersed uniformly over the surface by a syringe and the plate was rotated at the prescribed speed. The number of particles was counted before and after rotation from photographs taken using the microscope. It was occasionally observed that some particles would agglomerate on the test surface. Under such conditions, the agglomeration was omitted from the image since the grouping may be removed even at smaller centrifugal forces because of its large mass. The image was subsequently converted into a binary image to clearly discriminate particles from the bare surface. The ratio of the surface area occupied by particles was measured from the image, and the removal rate was determined as
where B and C indicate the occupied ratio of particles before and after rotation, respectively. The measurement was repeated more than six times for each experimental condition to ensure reproducibility. The adhesive force of a particle was determined from the measured centrifugal force corresponding to a 50% removal rate at which the moment balance holds on the particle, as will be discussed in Section 3. To estimate the hydrodynamic removal force relative to the adhesive force stated above, the same chrome-coated test plates were cleaned using the C nozzle at P = 11 kPa. We used four types of amorphous silica spherical particles with diameters of 0.25-0.35, 0.50-0.60, 0.90-1.30, and 0.30-1.80 μm (Nippon Shokubai Co. Ltd., KE-P30, KE-P50, KE-P100, and KE-P150, respectively). In these experiments, using the cleaning system, larger test plates (300 × 400 × 0.7 mm chrome-coated glass plates) were used for measurement with a surface inspection device (Hitachi High-Technologies, GI-4600) in a similar manner to that used in the preceding report. In addition, the removal rates were also measured to compare the performance between the C and S nozzles shown in Fig. 2 . In this experiment, silica-acryl mixed particles of 3.0 μm (Nippon Shokubai Co. Ltd., Soliostar SP) were used for P = 8, 11, and 14 kPa.
Theoretical background for the removal of fine particles
The adhesion forces of fine particles adhering to a wall are mainly derived from the contributions of three types of forces: (i) van der Waals force, (ii) surface tension of a liquid, and (iii) static electric force (Schlosser, et al., 2009 ). The adhesion force given by (i) results from the well-known van der Waals interaction between the solid particle and the wall. The force given by (ii) is the drag owing to the surface tension acting on the condensed liquid forming a bridge between the particle and the wall. The force given by (iii) is the result of charged constituents in the particles, the solid wall, or both. Among these three, (i) is usually considered, and the influence of (ii) and (iii) is possibly dependent on the experimental conditions. In practice, the measured results of the adhesion force can sometimes dramatically change by several orders of magnitude. It is quite difficult to specify the reasons for large deviations in the observed adhesion force. In the measurement of adhesion forces in this experiment, the test plates were at all times maintained in a clean room, as stated before, to avoid the influence of water condensation and adsorption of dust or foreign particles. In addition, static electricity was removed by an ionizer before the measurements. Considering these precautions, the influence of the van der Waals force (i) is discussed as the sole adhesion force in this study.
The van der Waals force F v between a spherical particle of diameter D and a solid wall can be estimated by the following relation as (Schlosser, et al., 2009 )
where A indicates the Hamaker constant (van der Waals constant). In the above equation, z 0 is the minimum distance between particle and wall, and a value of z 0 = 0.4 nm is assumed here (Schlosser, et al., 2009 ). The correction factor C V includes the effect of surface roughness or other factors. The roughness on the chrome-coated glass surface used here was measured with a laser microscope (Keyence, Co. Ltd., VK-X200). The observed results showed that the magnitude of roughness was approximately 2 nm. Some authors have suggested that the adhesive force may be remarkably reduced even by the effect of a roughness as little as 10Å (≡1 nm) (Ibrahim, et al., 2003) . We will examine the correction factor C V in Eq. (2) from the experimental results of the adhesive force. Figure 4 shows a schematic representing the various forces acting on a particle attached to a wall in the presence of air flow. As shown in the figure, R and a indicate the particle radius and the adhesion radius, respectively, which can be estimated from basic elastic deformation theory (Johnson, et al., 1971) . From the JKR theory, a can be obtained by the following expression (Phares, et al., 2000) :
where σ is the surface energy of adhesion between the particle and the wall. In Eq. (3), K is the composite Young's modulus define by where E and η indicate Young's modulus and Poisson's ratio, respectively, and the subscripts 1 and 2 refer to the particle and the wall, respectively. The contact radius a can be estimated if the physical quantities are appropriately substituted into Eqs. (3) and (4). Many authors have suggested that a particle adhered to a wall is mainly removed in a rolling motion rather than by sliding or lifting (Ibrahim, et al., 2003 , Reeks and Hall, 2001 , Soltani and Ahmadi, 1994 , Wang, 1990 . The onset of rolling can be estimated from the balance of moments on the particle illustrated in Fig. 4 in accordance with the following equation:
where F D and F L indicate the drag and lift, respectively, and M D corresponds to the moment of the surface viscous stress. Notably, the effect of the gravitational force is neglected in Eq. (5), since the particle size is of the order of μm.
The drag F D , lift force F L , and the moment M D in Eq. (5) can be written by the following equations (Burdick, et al., 2005) :
In the above equations, U c and (dU C /dy) indicate the x-directional average flow velocity and the velocity gradient estimated at the particle center, respectively, D is the particle diameter, and ρ and ν indicate the density and kinematic viscosity of air, respectively. The drag in Eq. (6) was obtained from a modified Stokes law, since the Reynolds number is less than 0.1 in this experiment. The coefficient 1.70 accounts for the effect of the wall (O'Neill, 1968 and Burdick, et al., 2005) . The Saffman lift was considered in Eq. (7) (Saffman, 1965) . Some authors suggested that the velocity near the wall can be instantaneously accelerated due to bursting event in the turbulent flow. In such a case, the drag can be enhanced and becomes somewhat larger than that of Eq. (6). In this experiment, however, since the particle is completely immersed in the viscous sublayer, the effect of bursting may be negligible (Ibrahim, et al., 2003) .
The experimental results of the removal rate measured in the preceding report indicated that the performance of the C nozzle shown in Fig. 2(a) is better than that of the S nozzle shown in Fig. 2(b) for an equivalent jet velocity. The removal performance was improved by the turbulence added to the impinging jet flow (Soemoto, et al., 2013) . Since the forces due to drag F D or lift F L are not directly related to pressure or velocity fluctuations, some other mechanism should be considered to explain the experimental results obtained for the removal rate. Here, as shown in Fig. 4 , we consider a force F P in Eq. (5) resulting from the instantaneous pressure fluctuation field in which the particle is put in a pressure field with an instantaneous gradient p grad   . The instantaneous pressure field may influence particle removal because a large pressure fluctuation is generated near the stagnation area of the impinging jet flow that can penetrate close to the wall where the velocity quickly decays. Figure 5 shows the schematic of spherical particle placed in the pressure field with the magnitude p grad   . In the figure, the direction of (grad・p') is taken in the y direction.
The component of pressure contributing to the resultant p can be obtained from the product of p grad   and the y coordinate as:
The resultant F P in the y direction can be obtained from the following integration over the whole surface as: 
In a similar manner to the above discussion, the moment made by p and the vector r from the wall as shown in Fig.5 can be obtained as:
The resultant of moment can be obtained from the following integration over the whole surface as: The removal performance may be improved if the magnitude of the instantaneous pressure field p grad   of the C nozzle is much higher than that of the S nozzle. In this report, an approximate value for F P is calculated in a simple manner. A more precise estimation will be provided by numerical simulation in a subsequent report. Since the static pressure P in the stagnation area near the wall is estimated as P~ρV 2 /2, where V is the y-directional average jet velocity, the pressure fluctuation may be approximated by the following expression:
where v' indicates the velocity fluctuation. If we assume ν/v' like Kolmogorov scale as the minimum scale of the turbulence, the possible maximum value of p grad   can be approximated as ρVv' 2 /ν. Applying these results to Eq. (10), F P can be rewritten as
Here, in this study, each contribution of F D (and M D ), F L , and F P on particle removal will be discussed later in Section 4 based on the experimental results and the characteristics of the flow field created by the impinging jet. For the measurement of the adhesive force in the centrifugal field, the moment balance acting on the particle can be written as follows: 
where m indicates the mass of the particle. Note that the right-hand side of Eq. (15) was derived from Eqs. (2) and (3). The centrifugal force on the left-hand side is measured under the moment balance conditions stated in Section 2.4. If the particle adheres to the wall by the van der Waals force, Eq. (15) indicates that the centrifugal force moment of the left-hand side should be proportional to the 5/3 power of the particle diameter. The validity of the above equation will be examined in the light of the experimental results of the centrifugal force. Next, the moment balance will be examined between removal and adhesive moments, as stated in Eq. (5). Figure 6 shows the experimental results of the average jet velocity distribution in the x direction measured 1.5 mm away from the nozzle exit of the C and S nozzles. The solid and broken curves indicate the theoretical results for the turbulent jet flow (Schlichting, 1979a) . As shown in the figure, the jet velocity can be approximated well by the theory, and the values for the C and S nozzles are very similar to each other. Figure 7 shows the maximum jet velocities for the two types of nozzles as a function of the pressure of the air storage chamber. Again, the maximum velocities of the two nozzles are nearly equivalent. From these experimental results, the characteristics of the average flow fields are nearly the same regardless of the nozzle type, and they can be characterized well by the usual turbulent velocity distribution. Figure 8 shows the distribution of the velocity fluctuation in the x direction for the three storage chamber pressure values considered. As shown in the figure, the peak of x-directional fluctuation appears approximately 0.3 mm away from the nozzle center for all experimental conditions. It is considered that strong turbulence occurs at the shear layer of the downward jet flow with a large velocity gradient. Figure 9 shows the maximum velocity fluctuation given in Fig.  8 for each storage chamber pressure P. As shown in the figure, the fluctuation increases with increasing P, and is larger for the C nozzle than for S nozzle. The turbulence of the C nozzle is always larger than that of the S nozzle for all experimental conditions. Figure 10 shows the removal rate γ measured for the two nozzle types. In this experiment, the removal rates were measured for each pressure P while varying the distance between the nozzle exit and the wall. As shown in the figure, the removal rate increases with increasing P (i.e., increasing jet velocity), and decreases with increasing distance from the wall, since the impinging jet velocity is reduced at greater distances. When we compare the results between C and S nozzles, the measured values for γ of the former nozzle are always superior to those of the latter. We can observe the Vmax (m/s) Fig. 6 Average jet velocity distribution in the tangential Fig. 7 Maximum velocity dependence on the pressure direction for C and S type nozzles in the air storage tank for both types of nozzles effect of the C nozzle on the cleaning performance. These results are qualitatively similar to those obtained in the preceding report, in which a nozzle with a larger slit width (0.4 mm) was used. It should be noted from Fig. 10 that the removal rate of the C nozzle at P = 8 kPa is still higher than that of the S nozzle at P = 14 kPa, even though the average jet velocity of the latter is much larger than that of the former, as shown in Fig. 7 . This result suggests that the removal performance is dependent on the level of turbulence imparted to the average flow field. Figure 11 shows the removal rates of particles on chrome-coated glass plates measured by the centrifugal force method described in Section 2.3. The horizontal axis indicates the moment of centrifugal force (F C × R). The curves in the figure indicate a sigmoid function often used to approximate a S-figure type distribution as  
Experimental results and discussion
Jet velocity and the removal rate of the cleaning device
Experimental results of adhesive force
where c 1 and c 2 are the fitting parameters used to interpolate the experimental points and can be determined by the least square method. Although some deviation is observed between Eq. (16) and the experimental points, particularly at high values of , the function can reasonably approximate the measured γ's for each particle size. Figure 11 shows that the removal rate increases and approaches unity (100%) as the moment of the centrifugal force increases. Zimon (1969) suggested that the removal rate would be represented by a log-normal probability distribution even though special attention is taken to control various factors causing scatter in the values of the adhesive force, such as surface inhomogeneity. Here, in this study, the moment of the particle adhesive force is determined from that of the centrifugal force corresponding to a 50% removal rate, as shown by the dotted line in Fig. 11 (Ibrahim, et al., 2003) . Figure 12 shows the measured results of the moment dependence on the particle diameter. The solid curve in the figure corresponds to the moment expressed by the right-hand side of Eq. (15). As shown in the figure, the moment at the state of balance can be approximated fairly well by the solid curve in which the correction factor C V = 0.267 is used. If we consider that the adhesive force actually observed may be reduced by the effect of surface roughness or other factors, the results shown in Fig. 12 appear to be quite reasonable. The moment of the adhesive force measured in this experiment can be expressed by the following equation as 
A more precise consideration of the magnitude of C V will be the subject of future study. Figure 13 shows the experimental results of the removal rates measured for the C nozzle installed in the cleaning system. The abscissa indicates the particle size. The figure includes the experimental results for the three pressure settings considered in the air storage chamber, as well as the results of fitting to Eq. (16). The removal rate decreases as the particle is downsized, similar to the data given in Fig. 11 , measured in the centrifugal field. Table 1 shows the particle diameter D 50 corresponding to the 50% removal rate of Fig. 13 for each pressure, as well as the average jet velocity and rms of velocity fluctuation for each nozzle. Notably, the hydrodynamic removal moment may balance with the adhesive moment at D 50 . As shown in the table, the cleaning system can remove smaller particles as the pressure increases. The removal rate can be improved when the jet velocity or turbulence is increased. Now, the various hydrodynamic removal moments discussed in Section 3 are estimated and compared with Eq. Nm) Fig. 11 Removal rate dependence on the centrifugal moment Fig. 12 Variation of adhesive moment with particle for various particle diameters diameter measured by the centrifugal method (17) for the adhesive moment. Since the characteristics of the average flow fields for the C and S nozzles are nearly equivalent, as shown in Fig. 6 or Fig. 7 , we assume here that the average velocity distribution near the stagnation area can be approximated by theoretical relations for the impinging jet flow treated in past studies. Referring to the method proposed by Kamoi and Tanaka (1977) , the flow field was analyzed from the integrated momentum equation, in which the velocity profile in the boundary layer was approximated by a polynomial satisfying the boundary conditions (Schlichting, 1979b) . The static pressure at the stagnation point was calculated from the dynamic pressure at the maximum jet velocity shown in Fig. 7 . If the pressure distribution in the x-direction is approximated by a Gaussian profile, the free stream velocity can be obtained from Bernoulli's theorem (Kamoi and Tanaka, 1977) . The integrated boundary layer equation can be solved numerically by the simple Runge-Kutta method. From the solution, the velocity U C and velocity gradient (dU C /dy) at the particle center (i.e., at D 50 /2 shown in Table 1 ) can be obtained for each experimental condition. Here, we estimated U C and (dU C /dy) averaged over the nozzle exit width (i.e., 0 ≤ x ≤ 0.1 mm) where the particles may be most likely to be removed. Substituting the determined estimations into Eqs. Table 2 as well as the adhesive moment at each D 50 shown in Table 1 . In addition, the moment of (F P × R) was roughly estimated from Eq. (14) for the two nozzle types in which the velocity fluctuations averaged over 0 ≤ x ≤ 0.1 mm shown in Table 1 were used. Note that only the sum of ( Table 2 since both moments are originally the result of the viscous stress on the particle. As shown in Table 2 , the removal moment of the viscous drag surpasses the other two moments and exhibits a value that has the same order of magnitude as the adhesive moment for each experimental condition. If we consider the accuracy of the experimental results and the rough estimation of U C , the agreement is fairly good. We can confirm the approximate balance between the removal moment of the viscous drag and the van der Waals adhesive moment measured in the centrifugal field. The calculated results listed in Table 2 also show that the moment of the lift force is trivial, and that the moment of the pressure fluctuation contributes only a few percent of that of the viscous drag for the removal of particles smaller than 1 μm. However, when the particle becomes larger, such as 3 μm, as shown in Fitting curve Fig. 13 Removal rates of particles dependent on particle diameter for each storage tank pressure the influence of the pressure gradient fluctuation (F P × R) cannot be neglected since it increases rapidly with D 4 , whereas the moment of the viscous drag is approximately proportional to D 3 , since the velocity U C at the particle center in Eq. (6) or Eq. (8) is roughly proportional to D. Table 3 lists the calculated results of each moment, except for that of lift, for a 3 μm particle. As shown in the table, the moment of the viscous drag still dominates and is much larger than that of the adhesive force. This result corresponds to the experimental removal rates shown in Fig. 10, i. e., the removal rates are much larger than 50% at the moment balanced condition and reach more than 90% for each experimental condition. Table 3 shows that the moment (F P × R) may have a perceptible influence on the removal performance. For example, the moment of the pressure gradient fluctuation for the C nozzle at P = 14 kPa amounted to 60% of the viscous drag moment, although the moment for the S nozzle again provides a minor effect. The above results might be reflected in the results of Fig. 10 in which the removal rate of the C nozzle is always higher than that of the S nozzle. The turbulence created in the C nozzle by the enclosed cavities would have a noticeable influence on the removal performance of the cleaning system for particles larger than 1 μm. Although the discussion in this study is based on a rough estimation of each moment, the model of the pressure gradient fluctuation can explain the effect of turbulence on the removal performance without contradicting any other experimental result obtained in this study. More precise discussion will be provided based on the results of numerical simulation in the next report.
Comparison with hydrodynamic removal forces
F D × R + M D ) is shown inP =8kPa P =11kPa P =14kPa γ % D μm
Conclusion
The removal mechanism of the proposed cleaning system using triangular cavities as a turbulence promoter was examined through the discussion of moment balance between removal and adhesive forces. The adhesive moment of fine silica particles adhered to a chrome-coated glass plate was measured by the centrifugal force method. The measured results were approximated well by the van der Waals force if a correction factor C V = 0.267 was used in this experiment. The adhesive moment was compared with several types of hydrodynamic removal moments estimated by a simple theoretical relation. Here, we discussed the effect of the moment (F P × R) due to locally large pressure gradient fluctuations, as well as the usual drag and lift moments. The viscous drag dominates the removal mechanism for particles smaller than 1 μm, and the moment balance was approximately confirmed between the viscous drag and the adhesive force. The effect of the lift force was found to be negligible, while the pressure gradient fluctuation was found to give a potentially remarkable effect on the removal performance for particles much larger than 1 μm. The model of the pressure gradient fluctuation proposed in this study can explain the experimental results of removal rates for 3 μm particles, suggesting that the turbulence generated by the nozzle cavities has a noticeable effect on the cleaning performance.
